recognition and the loading of the UvrB protein at the site of that was randomly adducted with aflatoxin B 1 8,9-epoxide damage (7). Subsequently, the UvrC protein interacts with the and end-labelled with 32 P. After polyacrylamide gel electroUvrB-DNA complex, and the two proteins incise the damaged phoresis, the shifted band that contained DNA bound by strand of DNA at either side of the lesion, excising a 12-13 UvrB was quantified as a percentage of total radioactive base oligonucleotide, which is released from the DNA due to substrate DNA. This method was applied to analyse plasmid the action of the UvrD protein. UvrB-binding is damage DNA that was adducted with various DNA modifying specific and has been shown to be very stable for particular agents in vitro. These adducts competed for UvrB-binding adducts in vitro, with a half-life for dissociation of between 2 to the labelled substrate. By competing for UvrB-binding and 5 h, depending on the type of damage (8,9). Because with 10 ng of plasmid DNA that was adducted with UvrB has been shown to bind stably to some DNA adducts known levels of aflatoxin B 1 , 2-amino-3-methylimidazo[4,5-in vitro, and the UvrABC repair enzyme has broad substrate f]quinoline, or benzo[a]pyrene diol epoxide, UvrB competispecificity, we examined the possible use of UvrB-binding to tion could be quantified for DNA adducted with between damaged DNA as a means of detecting that damage. By one adduct in 10 2 and one adduct in 10 5 normal nucleotides.
Introduction
µM cellulose acetate membrane (Spin-X, Costar, MA). The purified fragment was adducted with [ 3 H]aflatoxin B 1-8,9-epoxide (AfB 1 -epoxide; sp. act. of
The UvrABC endonuclease of Escherichia coli is an enzyme 6 .6ϫ10 4 Bq per ng AfB 1 ) by mixing 100 ng of AfB 1 -epoxide in 60 µl of complex that is involved in the excision repair of a wide range acetone with 75 µl of 136 bp DNA (20 ng/µl, in water) for 10 min at room of DNA damage (1) . It has been demonstrated that the UvrABC temperature. Unreacted AfB 1 -epoxide was removed by extraction three times with chloroform. The adducted DNA was incubated overnight at 4°C in 15 mM Na 2 CO 3 , 30 mM NaCO 3 , pH 9, to convert the N7-guanine adduct to the *Abbreviations: N 3 IQ, azido-2-amino-3-methylimidazo [4,5-f] quinoline; BPDE, benzo[a]pyrene diolepoxide; MBL, methylene blue ϩ visible light; more stable aflatoxin-formamidopyrimidine adduct. AfB 1 lesion frequency was determined by counting an aliquot of the [ 3 H]aflatoxin B 1 adducted DNA MNU, N-methyl-N-nitrosourea; PCR, polymerase chain reaction; NA, unadducted guanine; PBS, phosphate buffered saline; 8-oxo-dG, 8-oxo-deoxyguano-(AfB 1 -DNA) in the tritium channel of a 1600 TR scintillation counter (Canberra Packard), and calculating the lesion frequency from the measured sine; O6-MeG, O 6 -methylguanine; afB 1 -epoxide, aflatoxin B 1 -8,9-epoxide; Ap, apurinic site; DMSO, dimethyl sulphoxide; UV 366 , a UV lamp with a counts and the specific activity of the AfB 1 -epoxide. AfB 1 -DNA was endlabelled using T4 polynucleotide kinase (NBL) and excess [ 32 P]ATP (111 366 nm light emission.
TBq/mmol; Amersham, UK), as described previously (10) . End-labelled DNA CA) and stored at -20°C. IQ adduct levels were determined by 32 Pwas purified using NACS 52 Prepac Columns (Gibco BRL, Paisley, UK) and postlabelling, as described above. precipitated with ethanol. Dried, labelled DNA was dissolved in water Treatment of cells with BPDE before use.
Cells were prepared as above, except that 5 ml of cell suspension was treated Test DNA samples with 100, 50, 10 or 0 µl of BPDE in acetone (1 µmol/µl) at 37°C for 1 h. AfB 1 -DNA. DNA of 136 bp was prepared and adducted with [ 3 H]AfB 1 -DNA was extracted using Qiagen 100 tips and stored at -20°C. BPDE adduct epoxide, by the same method as for the substrate DNA. Adduct levels were levels were determined by 32 P-postlabelling, as described above. determined by scintillation counting. For UvrB competition experiments, DNA Genomic DNA with different adduct levels was prepared by diluting this adducted DNA in unadducted pACYC184 DNA (NBL).
Calf thymus DNA was purchased from Sigma (Poole, Dorset A 96-bp DNA substrate containing an internal 32 P label and a single defined Nuclear, Stevenage, Hertfordshire) and incubated at 37°C for 1 h. DNA was lesion was constructed as follows. An 18-nucleotide oligomer containing precipitated and redissolved, as before. Adduct levels were quantified by either an unadducted guanine (NA), an 8-oxo-deoxyguanosine (8-oxo-dG), an counting 100 ng aliquots of treated DNA in the scintillation counter.
O 6 -methylguanine (O6-MeG), a ring opened aflatoxin B 1 -guanine (AfB 1 ) or an apurinic site (Ap), at the equivalent position, was purified by reverse phase Methylene blue ϩ visible light (MBL)-DNA. To prepare DNA containing 8-HPLC. The NA, 8-oxo-dG, O6MeG and Ap oligomers were synthesized by oxo-dG, 2 µg pACYC184 DNA (200 ng/µl in TE) was mixed with 10 µl of Dr David Holland (Safety of Medicines Department, Zeneca Pharmaceuticals, methylene blue in water (100 ng/µl or 10 ng/µl) and spotted onto the surface Alderley Park, Cheshire). The AfB 1 -oligo was synthesized by adduction of of a Petri dish. The dish was placed on ice, and the mixtures exposed to a the NA-oligo with AfB 1 -epoxide, ring-opened with 0.1 M sodium hydroxide, 60-W light bulb from a distance of 10 cm for 10 min. Treated DNA was then and purified by reverse phase HPLC. Oligos (10 pmol) were end-labelled made up to 100 µl in water and ethanol precipitated, as described before.
with 32 P as above and labelled oligos purified through NACS 52 Prepac columns to remove unincorporated [ 32 P]ATP and NAP-5 columns (Pharmacia Oxidized DNA. To prepare oxidized DNA, 2 µg pACYC184 DNA (200 ng/ Biotech Ltd, St Albans, Hertfordshire) to remove excess salt. After evaporating µl in TE) was incubated with 4.4 mM H 2 O 2 , with or without 6 mM FeSO 4 , to dryness in the Univap, labelled oligos were dissolved in 30 µl water and 6 mM EDTA, pH 5.5, at 37°C for 1 h. DNA was precipitated and redissolved, 6 µl was mixed with 2 µl (~2 pmol) of each of five complimentary oligos as described before.
which, together with the labelled 18-mer, hybridize to form a 96-bp product.
The mixture was heated to 80°C for 10 min in a water-bath, and then the Treatment of cells with N 3 IQ water-bath was switched off and the mixture allowed to cool slowly for 2 h. Human Bristol 8 lymphoblastoid cells were cultured in RPMI 1640 (GibcoAfter this hybridization step, 2 µl of T4 DNA ligase (800 units; New England BRL, Paisley, Scotland) with 5% (v/v) foetal calf serum (Gibco-BRL) and Biolabs, Hitchin, Hertfordshire) and 2 µl of 10ϫligation buffer were added. 1% (v/v) penicillin/streptomycin (Gibco-BRL).
The sample was incubated overnight at 16°C. Ligated DNA was extracted Cells were spun down, culture medium was removed and cells resuspended with phenol-chloroform-isoamyl alcohol (25:24:1), followed by chloroformin 1ϫHank's Balanced Salt Solution (Gibco-BRL) at a concentration of 2ϫ10 7 isoamyl alcohol (24:1), and then ethanol precipitated. A 96-bp DNA was cells/ml. Cells (in 5 ml aliquots) were transferred to 21-cm 2 Petri dishes purified by electrophoresis through a non-denaturing 6% (w/v) polyacryl-(Gibco-BRL), then 100, 50 or 10 µl of N 3 IQ in DMSO (1 µmol/µl) was amide gel. added and the mixture irradiated with UV 366 as above, while being stirred,
The purified 96-bp mono-adducted DNA substrates were used in band shift for 30 min. As a control, cells were treated in the same way, but with DMSO experiments by incubating 0.1 nM DNA with 0.1 nM UvrA with or without alone. After treatment, the cells were washed twice with phosphate buffered saline (PBS) and DNA was extracted using Qiagen 100 tips (Qiagen Inc., 21 nM UvrB for 2 h and separating protein-DNA complexes as before.
the response of the competition assay is similar, although not identical, for similar adduct levels of AfB 1 , IQ or BPDE. For example, one AfB 1 adduct in 10 3 gave~70% UvrB competition ( Figure 2 ) compared with 70% for IQ-DNA and 87% for BPDE-DNA adducted at a similar level ( Figure 3 ). UvrB competition was higher at each adduct level for BPDE-DNA compared with IQ-DNA. Although this may represent a higher affinity of UvrB for BPDE over IQ or AfB 1 adducts, it must be noted that below one BPDE adduct in 10 4 , the standard deviation is high. (Table I) . it was found that~20% of the substrate DNA was shifted into
Mono-adducted DNA substrates the UvrB-DNA band (Figure 1 ). Up to 50% of the DNA could As UvrB competition for plasmid treated with different dambe shifted in total, but the remainder of this DNA was present aging agents differed markedly between bulky and non-bulky in UvrA-DNA and UvrA 2 B-DNA complexes, which were lesions, a series of well-defined substrates containing a single mainly due to UvrA-DNA interactions. When 10 ng of plasmid known adduct at a specific site were constructed and used to DNA was included in the reaction, the UvrB-DNA band was perform mobility shift gel analysis under conditions similar to not significantly reduced, but the higher bands were, as a result those used in the competition assay. Figure 5 shows the of DNA competing for non-specific UvrA binding (Figure 1 , results for UvrA-and UvrB-binding to the five mono-adducted lanes 3 and 4). Figure 1 shows that non-32 P-labelled AfB 1 -substrates analysed. Although the substrates were purified from 136-bp DNA would compete for the binding of UvrB to the a single band on a 6% (w/v) polyacrylamide gel, it can be substrate DNA, as evidenced by the reduced amount of seen that the substrate DNA has separated into two bands on substrate DNA in the UvrB-DNA band in lanes 5 and 6, this gel. It is possible that the lower band is single stranded compared with lanes 3 and 4. The adduct level for the 136-DNA. It can be seen from Figure 5 that all substrates, including bp fragment was determined by scintillation counting to be the non-adducted DNA were bound, to some extent by UvrA. about one adduct in 100 nucleotides. The amount of competition This is due to non-specific binding of UvrA to DNA. When decreased with the number of adducts present in the competitor UvrB was included in the reaction mix, the formation of DNA (for which the DNA concentration was maintained by UvrA 2 B-DNA complexes can be seen, as the shifted band is dilution into a 10 ng/µl solution of unadducted plasmid DNA).
slightly more retarded in the gel compared with the UvrA 2 - Figure 2 shows the amount of competition for UvrB-binding, DNA band (e.g. compare lanes 2 and 3). Only in the AfB 1 -expressed as the percent of UvrB-binding versus the control DNA is a separate UvrB-DNA band seen (lane 5), showing (10 ng untreated plasmid), for different AfB 1 adduct levels. It that UvrB forms a damage specific stable complex with this can be seen from Figure 2 that the sensitivity of detection for bulky adduct, but not with the O6MeG, 8-oxo-dG adducts or the AfB 1 adducts is about one adduct in 10 4 nucleotides. apurinic site.
IQ-DNA and BPDE-DNA competitor DNA
Genomic DNA In order to check that the UvrB competition assay could be applied to bulky DNA adducts other than AfB 1 -DNA, plasmid
In order to investigate whether adducted genomic DNA gave the same response as adducted plasmid DNA, Bristol 8 DNA was adducted in vitro with either N 3 IQ/UV at 366 nm or BPDE. These compounds were chosen because it was easy lymphoblastoid cells were treated in culture independently with N 3 IQ/UV 366 and BPDE. DNA extracted from treated to adduct DNA in vitro in a reproducible manner, and because the resulting adduct levels could be accurately determined cells and untreated control cells was analysed by the UvrB competition assay. As before, adduct levels were quantified by using published 32 P-postlabelling methods (11, 12) . When the adducted DNA was post-labelled, the expected post-labelling 32 P-postlabelling assay. Table I shows that DNA from control cells gave a very low level of competition of around the profiles for these adducts were observed (results not shown), and levels of adducts were quantified by Cerenkov assay. sensitivity limit of the assay, whilst DNA from treated cells gave amounts of competition similar to the plasmid DNA Aliquots of these adducted DNA samples were then analysed in the UvrB competition gel assay. Figure 3 shows the levels adducted in vitro. For example, at an adduct level of 8.6 in 10 4 nucleotides, as determined by post-labelling, the IQ-DNA of UvrB competition observed for plasmid DNA containing IQ or BPDE adducts at levels between one in 10 3 and one in gave 75% UvrB competition. In comparison, for the plasmid DNA adducted with IQ at about one adduct in 10 3 , 70% UvrB 10 6 . It can be seen by comparison with Figures 2 and 3 that Fig. 2 . UvrB competition curve for AfB 1 -DNA. Adduct levels were determined by scintillation counting of AfB 1 -DNA adducted with AfB 1 -epoxide of known specific activity. UvrB competition gel assay was performed as described in the legend to Figure 1 . The dried gel was exposed to a Molecular Dynamics Phosphorimager Screen and the amount of DNA in bands quantified using the Molecular Dynamics ImageQuant software. %B competition is the amount by which radioactivity in the UvrB-DNA band was reduced due to the competitor DNA, as compared with the untreated plasmid control. Points on the curve are the mean values from six analyses (ϮSD).
competition was observed (Figure 3 ). For the DNA from the peroxide in the presence of divalent iron. Table III shows that this DNA gave very high UvrB competition at 83%, whereas BPDE-treated cells, 1.2 adducts in 10 4 gave 48% (Ϯ9%) UvrB competition [Ϯ standard deviation (SD)] (Table I) , compared the DNA treated with hydrogen peroxide in the absence of Fe 2ϩ gave only 12% competition. with~61% (Ϯ12%) UvrB competition for the BPDE-plasmid DNA adducted at one in 10 4 ( Figure 3 ). It can also be seen from Table I that low levels of UvrB competition of up to 10% Discussion (Ϯ11.1%), were seen for DNA extracted from untreated cells.
In previously published studies, the binding of UvrA, UvrB To investigate possible endogenous damage to DNA, comand UvrC proteins to various defined DNA adducts has been mercially obtained calf thymus DNA and rat liver DNA examined in order to infer the mechanism of interaction of extracted in our own laboratory, were used as competitors in these DNA repair proteins with DNA (13-15). We show here the UvrB competition assay. DNA extracted from untreated that it is possible to use the binding of UvrB protein to E.coli cells was also analysed. Table II shows that whilst little damaged DNA in vitro as a means of detecting that DNA UvrB competition was seen for the E.coli DNA, both the calf damage, providing that the lesion is a substrate for stable thymus and rat liver DNA samples exhibited high levels of UvrB-binding. However, the limitations on sensitivity and on UvrB competition, equivalent to AfB 1 -adduct levels of about detecting low molecular weight DNA lesions means that the one in 10 3 , or higher. As it is known that phenol can introduce method will not be suitable for use in carcinogen testing. oxidative damage into DNA, the DNA analysed in these
The method is a competition assay based on the mobility studies, with the exception of the commercially supplied calf shift gel assay used by Visse et al. (2) and recently by this thymus DNA, was extracted using the Qiagen 100 tip kit. laboratory (9) , to study Uvr protein-DNA complexes. We have When phenol was used to extract DNA from cultured human used a 136-bp DNA fragment, randomly adducted with AfB 1 -lymphoblastoid cells, levels of UvrB competition in the DNA epoxide, and end-labelled with 32 P, as our substrate DNA, with increased from 19 to 46% (results not shown). This showed which test-damaged DNA can compete for UvrB-binding under the importance of not using phenol in the extraction procedure. defined conditions. By comparing the amount of labelled DNA As very low levels of UvrB competition were observed in the in the UvrB-DNA complex in the control sample with that in DNA extracted from E.coli cells using the Qiagen kit, this the test sample, it is possible to quantify the amount of UvrBmethod appears not to introduce significant amounts of UvrB binding, and hence DNA adducts, in the competitor DNA. substrate damage.
The untreated DNA used as competitor in the control sample Oxidative damage allows for possible effects of non-specific binding of UvrA to undamaged DNA (15) . As endogenously generated oxidative damage could be a potential source of UvrB-binding in the rat liver and calf
We have used this method to quantify DNA lesions induced by AfB 1 -epoxide, IQ and BPDE; three agents that cause thymus DNA samples, the ability of oxidatively damaged DNA to compete for UvrB-binding in the UvrB competition bulky DNA adducts that are good substrates for UvrABC endonuclease incision in vitro (3, 16, 17) . assay was tested by reacting the plasmid DNA with hydrogen Fig. 3 . UvrB Competition curves for IQ-and BPDE-DNA. UvrB competition gel assays were performed with pACYC DNA adducted with either IQ or BPDE. Adduct levels were determined by 32 P-postlabelling analysis. The percentage of UvrB competition (ϮSD) was determined as in Figure 2 , from four analyses for each sample. competition gel assay. This was the case, even though the 8-oxo-dG or an apurinic site, under conditions where UvrBbinding to the monoadducted AfB 1 -DNA was seen, confirmed However, when we analysed DNA adducted with MNU or this finding. MBL, treatments known to yield methylated bases and 8-oxoThe amounts of competition seen for AfB 1 -, IQ-and BPDE-DNA are similar for similar levels of damage. The dG, respectively, we could not detect this damage in the UvrB a Amount by which UvrB-DNA band was reduced due to the competitor DNA, compared with the UvrB-DNA band in the control. b Estimated using the AfB 1 -DNA competition curve in Figure 2 . Adduct equivalents are expressed per normal nucleotides.
differences that are seen may reflect differences in affinity of UvrB-binding between adducts. The long incubation time of 2 h was chosen to minimize such differences. It is known that the half-life of UvrB dissociation from the UvrB-DNA complex in vitro is~3 h for UV-DNA (8) and 5 h for AfB 1 - maximum amount of UvrB would rapidly bind to the substrate DNA. Our results show this not to be the case for IQ or BPDE. The high levels of competition for UvrB-binding seen with the DNA from untreated rat liver suggests that these samples contain high levels of putative DNA damage, presumably of endogenous origin. As little competition was seen with DNA extracted from cultured mammalian cells or E.coli cells by the same method, this result appears not to be due to any nonspecific effects of high molecular weight DNA versus the plasmid DNA, when used as a control in the UvrB competition gel assay. Likewise, the results are unlikely to be due to differences in DNA replicated in prokaryotic or eukaryotic cells, as the DNA from the human cultured cell line gave low levels of UvrB competition.
Although the levels of putative damage in the DNA from rat liver appear to be very high, this damage should be DNA sample. However, high levels of competition may indeed be due to high levels of endogenous DNA damage. Endogenous DNA damage has been reported from several sources, including etheno-base adducts and malondialdehyde adducts from lipid commonly used marker for oxidative damage is 8-oxo-dG, b Amount by which UvrB-DNA band was reduced due to the competitor DNA, compared with the UvrB-DNA band in the control. n ϭ number of which has been reported at levels of one adduct in 10 5 to one times a sample was analysed.
adduct in 10 4 (21,22,24). Although we found that the UvrB c Estimated using the AfB 1 -DNA competition curve in Figure 2 . Expressed competition assay did not detect this particular lesion, the as adduct equivalents/normal nucleotides.
results obtained with DNA damaged under Fenton oxidation
